In this study flexible TiO 2 coated porous Kapton membranes are presented having electron multiplication properties. 800 nm crossing pores were fabricated into 50 m thick Kapton membranes using ion track technology and chemical etching. Consecutively, 50 nm TiO 2 films were deposited into the pores of the Kapton membranes by atomic layer deposition using Ti( i OPr) 4 and water as precursors at 250 °C. The TiO 2 films and coated membranes were studied by scanning electron microscopy (SEM), X-ray diffraction (XRD) and X-ray reflectometry (XRR). Au metal electrode fabrication onto both sides of the coated foils was achieved by electron beam evaporation. The electron multipliers were obtained by joining 3 two coated membranes separated by a conductive spacer. The results show that electron multiplication can be achieved using ALD-coated flexible ion track polymer foils.
Introduction
Porous materials with precisely controlled properties, such as pore size and diameter, have several applications in, for instance, filtration [1] , gas sensing [2, 3] , catalysis [4] , photocatalysis [5, 6] , solar cells [7] , adsorption [8, 9] , and biomedical research [10] . Microchannel plates (MCPs) are special member of these materials, in which a porous membrane is composed of parallelly aligned or crossing tubes. An MCP is an array of miniature electron multipliers that are each acting as a continuous dynode chain. They can be used e.g. in night vision applications, photomultipliers, particle and time-of-flight detectors [11] .
One method to fabricate porous films is to shoot single heavy energetic ions through a material to be manipulated. In ion track method [12] these ions with typical energies of several hundred MeVs are generated by means of an accelerator. When these ions hit the target material, they lose their energy by various interactions with the material, and cause excitation and ionization of target electrons (electronic energy loss), projectile excitation and ionization, electron capture, elastic collisions with target atoms (nuclear energy loss) and electromagnetic radiation. For high energy heavy ions the most significant process is the electronic energy loss. The incident ions are chosen in such a way that the energy transfer to the material is large. The electronic energy loss can be well described by the Bethe-Bloch formula and the SRIM software [13] . The incident ion induces ionization and electric 4 excitation, which in polymers predominantly breaks chemical bonds and a damaged ion track forms.
After the ion irradiation the pore is created via chemical etching process. The shape of the etched pore depends on the etch velocity of the bulk material V b (etch rate of undamaged material) and the etch velocity of track line V t (etch rate along the track). Both depend on the etching conditions and V t is also influenced by the energy loss of the irradiated ions. V t increases with increasing energy loss due to higher damage along the ion track [14] . Size of the pore varies with the etching time, as well as the pH and temperature of the solution.
Atomic layer deposition (ALD) is a gas phase thin film deposition method based on surface controlled self-limiting reactions of volatile precursors, which are introduced into the reaction chamber alternately. ALD can be used to coat not only flat substrates, but also complex surfaces and highly porous materials with uniform films having thickness even down to single nanometers [15, 16] . These films can be, for instance, insulating oxides or conducting metals, ternary compounds or polymers [17, 18] . These features make ALD a convenient choice for modifying the surface properties of various nanostructures [19] [20] [21] or even sensitive substrates such as biomaterials [22] .
In previous work by others, ion track structures and ALD have been combined to make nanotubes after dissolving the soluble nano templates [23] . On the other hand, ALD has been used to coat with thin films MCP structures made of glass [24] , lead glass [25] , borosilicate glass [26, 27] , porous silicon [28] and anodized Al 2 O 3 [29] . These ALD-MCP structures showed mostly similar or even better properties than conventional MCPs based on lead glass, and had increased gain and improved stability as a function of extracted charge in several cases. However, all these substrates were rigid materials, and for MCP applications flexible MCP structures might have obvious advantages in several fields (e.g. night vision). Also MCP devices from plastic materials have been previously reported [30, 31] . These devices 5 were made out of porous polymethyl methacrylate (PMMA) having pore size and thickness of 50 µm and 5 mm, respectively. The polymer channels had separate unspecified conductive and emissive low-temperature ALD coatings. The electron yield was amplified with additional conventional MCP stack after the polymer MCP. In ALD coated MCP structures various secondary electron emissive layers were deposited, e.g. MgO, MgO/TiO 2 , TiO 2 , etc [32] . Though TiO 2 is a less common material for secondary electron emission, its easy ALD deposition makes it a good candidate to prepare new MCP structures.
In this study ALD was used to grow TiO 2 films on the sub-micron diameter ion track structures in order to have low-resistivity and enhanced secondary electron production in the pores. The idea was that an 16 
Experimental
Self-supporting 50 µm thick polyimide foils (Kapton from DuPont) were used as substrate material. The foils were irradiated using the JYFL K-130 cyclotron and Radiation Effects Facility (RADEF) irradiation chamber. The used ion was 600 MeV Xe 25+ , the fluence varied from 10 7 to 10 9 ions/cm 2 , and individual irradiations lasted from seconds to thirty minutes.
During the irradiations the beam homogeneity and flux were monitored. Irradiation angle was continuously varied between ±15 o and the foil was also rotated in order to get crossing ion 6 tracks in all directions, and thereby minimizing the probability of wide pores due to adjacent tracks.
The irradiated foils were etched in NaOCl solution [33] . The desired pH for the solution was obtained by adding boric acid (H 3 BO 3 ), and the pH was monitored before and after the etching. The pH was 10.5 in the beginning and 9.9 after the etching had been completed. The etching temperature was (60 ± 2 o C), and the etching time was 6 hours. The as-formed pores were imaged using a scanning electron microscope (Hitachi S-4800 FE-SEM), and the pore diameter was measured to be about 800 nm.
In order to both enhance the secondary electron production from the pore surface and make the pore surface resistive, the porous foils were coated by atomic layer deposition with a TiO 2 layer using TTIP (titanium tetraisopropoxide, 65 °C evaporation temperature) + H 2 O as precursors at 250 °C. Each cycle had the following sequence: two times 0.5 s pulse and 1 s purge followed by 0.5 pulse and 15 s purge for TTIP, then the same for H 2 O. Ca. 50 nm TiO 2 was deposited in 1500 cycles in a Picosun Sunale R-150 ALD reactor.
The film thickness (47.7 nm) was determined by X-ray reflectometry (Bruker D8 Advance ) using a TiO 2 film, which was deposited onto a 100 mm(100) Si wafer under the same conditions as used for the Kapton membranes. The growth rate per cycle corresponds well to the reported value 0.3 Å/cycle [34] .
XRD pattern of the reference TiO 2 film on Si substrate was recorded by a PANalytical X'pert Pro MPD X-ray diffractometer using Cu K  radiation and grazing incidence angle mode.
Consecutively, conducting 20 nm thick Au electrodes were electron beam evaporated on both sides of the ALD coated porous foils in an ultra high vacuum (UHV) environment.
The electron multiplication properties of the prepared foils were studied using a specially made setup (Fig. 2) . The primary setup consisted of two coated 50 µm thick polyimide foils which were separated by 2 mm conductive spacer ring. The voltage over the ALD-Kapton The energy of scattered 16 O ions was about 3.6 MeV, and the range in Kapton coated by 50 nm TiO 2 is about 4.1 µm as calculated using SRIM. The measurement time for each point was 500 s and the number of events was normalized using the incident ion fluence information obtained from the beam chopper.
Results and discussion
The deposition of the ALD TiO 2 film was successful on polyimide even at a growth temperature of 250 o C (Fig. 3) . The 50 mm thick Kapton/TiO 2 porous membrane had ca. 800 nm diameter channels penetrating through the whole structure (A/R = 62.5). The small cracks visible on the TiO 2 film on surface of the membrane are most likely due to polymer shrinkage during the cooling down after the ALD growth. The thermal expansion coefficient of polyimide is more than ten times higher than the one for TiO 2 . The good quality of coated foils proves the compatibility of ion track technology using polyimide foils with the ALD method even at fairly high deposition temperatures.
To check the conformality of the as-deposited TiO 2 film, the coated membrane was annealed in air using 1 °C/min heating rate up to 600 °C and then keeping the sample at 600 °C for an hour. As a result of the polyimide membrane combustion a porous inorganic membrane was 8 obtained consisting of aligned TiO 2 nanotubes (Fig. 4a) . The wall thickness of the TiO 2 nanotubes was around 50 nm as expected, and it was confirmed that the TiO 2 film covered uniformly the pores all along their length (Fig. 4b) . The figure shows that the complete removal of the polymer material joins the nanotubes together. During the annealing of the polymer, the originally cylindrical TiO 2 film in the polymer channels became somewhat distorted, and the planar TiO 2 layers on the top and back side of the membrane were not maintained. Most probably the applied heat and the considerable gas release during the decomposition and combustion of the polymer were responsible for this. In addition, the film thickness of the TiO 2 film was not enough to provide suitable robustness to it as a selfstanding structure, which could have withstood the annealing of the polymer.
The structure of the as-deposited reference TiO 2 film was measured by XRD. According to the XRD pattern (not shown here), TiO 2 was present in the anatase form (ICDD 21-1272).
In higher voltage over the ALD-MCP stack will only increase the pulse height but not the number of pulses. A detailed pulse height analysis study will be performed in the future. 9 The electron multiplication is not only dependent on the secondary electron production capability of the pore surface material but also on the electron energy. The flight path is longer and therefore also the energy of the electrons is higher for greater pore diameter and it could be that the 800 nm pore diameter these foils had is quite close to the diameter below which electrons do not get enough energy before colliding with the wall to multiply the yield.
On the other hand, smaller pore diameter gives better spatial and temporal resolution. One special signal enhancing new property these ion track foils have is due to the crossing of the pores inside the polymer. The electrons can find their way to another pore and generate a strong daughter signal there as well.
Conclusions
In this study we have demonstrated the ability to combine ion track technology and ALD in fabrication of films with electron multiplication properties. 50 nm TiO 2 films were deposited onto 50 m Kapton foils, which had 800 nm crossing pores prepared previously by ion track method and chemical etching. The results show that electron multiplication can be achieved using the ALD-coated flexible ion track foils, although multiplication is not still strong enough for direct detection, and thus an extra amplification stage is needed, and further studies are required in finding the optimal pore diameter and ALD film thickness.
One additional possibility for applications opens when the supporting organic polymer is etched away like is shown in Fig. 3a , where an array of 800 nm wide TiO 2 nanotubes with 50 nm wall thickness film is prepared after annealing at 600 °C in air. Due to the crossing tracks, the structure is still rigid and could be used as a highly porous substrate in, for instance, cell growth studies or catalysis. 10 Figure. 
